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ptussma' at Shuttle' hohy |\'n\t H4t^ wlu've' t lu' masimum sitvtaeT t nmpurat me' i r. appti*\^ 
imatnly St I K liavt* he'i'u te'ste'ii ti' nvaluatn tl\e'n\uil pe'i !oi maueu' anh rMnuMural 
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A twx'tiK' uU'Se'l iU titanium multiwall anS a nu'ite'l iVMUiinti!\n iM K>w-t e'uipe'rat m c' 
re'Usal'K' sut I aue' iiujulat ion tKlviU) t i K'r* wore' e'xpv'.se'S 1 1 ' ?; i mu I at ('it the'vm.il iin»t 

pre'jism (' Shuttle' i'i\t ry mi.-mie'nr; ii\ the' JeSuison Si'aoe' v\'ut e'v HuiKtitui M taetiant he'at 
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the' te'jitj;. Ke'uultn i't the' te'stn il\itiiMte' that Ve'ite'f? i ai^ i't the' multiwall tile's e’entlii 

re'Suoe' tile' thiol\t\e'ss auii vM we'ieiht. e'umulat ive' variant he'atinn time' was* appioxi- 
mate'ly .'t' hr, 

A nitie'tile' uu>eie'l e>t titatiium multiwall was suhle'ote'vi t v> se'Ve'U raSiant he'atinn 
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numbe'vs v't anS u , with a teMal t e'mpe't at uvi' be't we'e'u P'hO K anS K' to K atiS Ss-namio 

pi e'sonu i' he'twe'i'n anS .'h,e' Kl'a, e'umulative' \Miiiai\t he'atiim time' was at'i'Vi'si • 

mate'ly ht anS euimulat ive' e'\}'o:;m t' t ime' t e> the' hype'vsonie' st ve'am w.is. .'''4 s. 'Vlu' 

i've'iall s.ounii pi e'ssan e' K'Ve'l tOASPhl liurina tlie' ae'vot he'vma I te'sts was appi e'\i mat e' I y 

le^t ait. 

laps on the' multiwall til«'n ove'vliana i na Sowin-.t i t'am tile'?; proxs'S to he' e'tte'otix'o 
in pti'Vi'iOnsj I K'w in the' aaps he'twe'i'ii the' tile'!, ot the' nnie'-tiK' moSol e'Ve'ii t houah. 

^n s.'uio the' lip:; huihloS. The' !nu I aoe' ot the' mnlti'.vall t tie's a I so suix'ixs'S 

nume;ious small la.o..K' .uupao.L,:,-. l ivui l.lu* t.umu'l st i e'am. 

Alt houah nunie'i oils (ai line's in th.o satue'luial hoiiils e'e'oui i e'S auiina the' ae'i o 

thrniial t e'st se'i u"p no oatastiophio tailuie'*; in the' TPS ?;t vuot ui <' e'lS'Ut i e'S. The'so 
tailuie';; ate' atlrihute'S to impiope't oointtiaint ot the'imal ai owt h at the' hiMinaai v of 
the' array anS to t ahr i e-a t i e'li S i t ( i e-u 1 I i e':; inhe'ie'ut tn the' initial t i K' ile'itiejn. 
Pe'hoiiaina SiS itot oe'e'ui on the' oe'tit e'l tile' wh i oh haS tiU'ie' re'a I istie* he'niieiai y oe'tuli 
t lotis. Mttioi ae'sian e'hanae's sls'iiKl imt'iove' strnotnral inte'ai ity without havitiei iiii 
imt'aot on the' thormal j'lote'otion ahilits' I't t lie' titanium mnltisvall TPjK 

t e'-a s ile'monst i at I'M the' oaf'ahilitv o( a titanium multiwall the'imal ]'i ot e'o 
tie'll svst .'in to piote'ot ail alumMium •niM aes' am i na a Shut t I e'- t vpe' c'utis' t i a ie'vS ot v at 

I's atu'u , on I In' ss'ltii K' whoi ,* ( lu' maximum sm i a^•e' t e'mpe't at m e' is he'K'w SM K. 
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nato layers of dimpled and flat shoots welded at the crests of the dimpled shoots. 

Foil gaqe outer layers from which the air was evacuated served as thermal protection/ 

and thicker inner layers formed a structural sandwich. The sandwich carried fusolaqo 
loads and served as tankage for cryogenic fuel. This design was unsuccessful because 
of high thermal stresses between the thermal protection layers and the structural 
layers and the inability of the outer layers to maintain the vacuum required to pre- 
vent cryopumping. However/ results from this study led to the present multiwall 

concept which is a discrete tile/ vented TPS. The redesign of the multiwall TPS to a 

discrete tile system alleviated the thermal stress problem. Each tile is supported 
near its corners/ allowing for thermal bowing and expansion relative to the cooler 
primary structure to which the tile is mechanically attached. The tiles were 
designed for Shuttle body point 3140 (a location on the center line and slightly 
forward of the pilot's windshield). This location was chosen because the maximum 
surface temperature of 811 K within the temperature capabilities of titanium. 

Thermal performance of a two-tile model and/ for comparison/ a model of low- 
temperature reusable surface insulation (LRSI) (ref. 6) were evaluated by 25 radiant 
heating tests at the Johnson Space Center in the Building 13 radiant heating test 
system. The tests simulated temperature and pressure at body point 3140 for an 
orbiter entry mission. In addition to these tests / the aerothermal performance and 
structural integrity of an array of nine multiwall tiles was evaluated in the Langley 
8-Foot High-Temperature Structures Tunnel (8* HTST). The model was subjected to 
seven radiant heating tests and eight radiant preheat/aerothermal tests. Most of the 
heating tests were representative of a Shuttle entry temperature history for body 
point 3140. For the aerothermal tests, radiant heaters were used to apply the first 
part of the entry temperature/ and the 8* HTST provided aerothermal loading at the 
time of maximum surface temperature. The aerothermal tests were at local Mach 
numbers between 5.6 and 6.8/ and the unit Reynolds number was approximately 1.9 x 10^ 
per meter. 


SY14BOLS 

Mjj^ local Mach number 

M^ free-stream Mach number 

GO 

p pressure/ Pa 

free-stream dynamic pressure/ kPa 
R unit Reynolds number per meter 

t time, s 

T temperature/ K 

T^ ^ total temperature in combustor/ K 

T,pg temperature on top surface, K 

x,y coordinates of multiwall instrumentation/ cm 


a 


angle of attack, deg 


DESIGN AND FABRICATION OF MULTIWALL TILES 


The design condition chosen to allow for the use of titani\im 6A1-4V was a maxi- 
mum surface temperature of 811 K. Additional design conditions were a maximum pri- 
mary structure temperature of 450 K and a maximum differential pressure across the 
tile of 6*9 kPa. By using these design conditions/ the titanium tile was designed 
for minimum weight. More detail is given in reference 1. Body point-S 140-onH:he — 
Space Shuttle satisfies these design conditions and was used as the design point. 

The location of this foody point on the Shuttle orbiter is shown in figure 1. The 
temperature and pressure histories at this body point for Shuttle entry trajectory 
14414. 1C are shown in figure 2. 


The multiwall tiles were sized based on the temperature and pressure conditions 
shown in figure 2. Current aerodynamic moldline constraints were not considered. 

The effective conductivity of the multiwall was calculated by using techniques pub- 
lished in reference 1. Even though the pressure is very low during most of the 

entry/ it is greater than the threshold level of 0.0133 Pa below which the conductiv- 
ity of air can be neglected. Consequently/ air conductivity was included in calcu- 
lating the effective conductivity of the multiwall. Free convection in the air 
volumes created by the dimpled and flat sheets was prevented by sizing the volumes 
such that the Grashof number was less than 2000 (ref. 1). The pitch and height of 
the dimpled sheets and the number of layers were determined so that the maximiom tem- 
perature of a 0.41-cm-thick alumimam plate beneath the tile would not exceed 450 K. 


Test tiles of this configuration were fabricated by Rohr Industries. Figure 3 
shows an exploded view of a multiwall tile prior to fabrication by liquid interface 
diffusion (LID) bonding. (This bonding process/ which requires significantly less 
contact pressure than conventional titanium diffusion bonding processes, is propri- 
etary to Rohr Industries.) The dimpled sheets and edge closures were superplasti- 
cally formed before bonding. One of the fabricated tiles with characteristic dimen- 

The tile has a thickness of 1.75 cm and weights 3.66 kg 
Details of the design and fabrication sequence are 
given in references 2 and 3. The edge closure for each tile is beaded to increase 
buckling strength and is skewed 25° relative to face sheets to provide a "scarfed" 
interface between adjacent tiles. These scarfed joints reduced heat transfer through 
the gaps between tiles by increasing conduction length and reducing the radiation 
view factor. A 0.51-cm-wide lip (fig. 4) overlaps adjacent and rear tiles downstream 
to reduce the possibility for flow in the gaps between tiles. A lower lip also 
extends under upstream tiles. 


sions is shown in figure 4. 
per unit planform area (m^) 


The attachment scheme is illustrated by the two-tile model shown in figure 5. 

Two attachment tabs are LID bonded to the tile underside on one edge. These attach- 
ment tabs slide under clips which are fastened to the alumintim plate which represents 
the vehicle primary structure. Each tab also slides through a clip which is bonded 
to the underside of an adjacent tile. Thus, each tab holds down a corner of two 
tiles. Shoulders on the tabs prevent excessive tile lateral motion, and the location 
of each tile is independently indexed on the structure. The perimeter of each tile 
rests on a strip of Du Pont Nomex felt 2.54 cm wide by 0.48 cm thick, which serves to 
inhibit any hot gas flow which might otherwise leak under the tile. Since the felt 
is compressed when the tile is attached, it provides a spring force and damping to 
prevent the tile from rattling. 
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limit iWiill t «mt mo»li*lr> wi'Vt' tabruMltsi: a ino»l*'l I or oyrllo ra»Uat\t 

liiMt liu] tosl H at t ho JohnMi>n Spaia* (\mU <m' (JPc') aiul i\ uliu'-t ilt' nunii*! (atM'ot ht'rmal 
mo<i<M) Tor atM i>t ht'rinal t oat ai in t tio liaiu^lt'y M-Poot H i ah-'Pomporat au«' tipiiuharon ‘Puimol 
(H* HTS'P) • A moili'V oons i.st‘ vmi th t lu^ mon' wiiit'ly knowt\ low-tompi'raturi' rtnuiabli^ 
fuu't'iiot' InsultUion (liUiU) wan a 1 no fabr i I'atant fi^i* tt'stinq at itSO to pv'cwiiit' 

oiMuparativo iiat»i with tho multiwall syntiMU. Tho to^p nurfaot' tho multiwall two*- 
tilo inovi('‘l And tho nino-tiU' moiiol war=i i^'iatotl with a hlqh-tt'mporaturo paint (ttporox 
VIIT Thin ooiitinq piawiiion a hiqh roflootanoo for lomporaturt' otnitrol 

In m*bit anh a hlqh omittanoo for out ry hoatinq. In ihidition# tho tilon on thoso 
moiioln won' attaohoti to an aluminum plato that ropronontn tho thormal mann of tho 
primary ntruoturo at tho tioniqn point. 


Cyclic Ri\iUant Hoati nq Nk^doln 

Tho moiloln for cyclic radiant hoatinq teats (fiq. 6) wore a two-tilo nunlol of 
titanium multiwall and a model consistinq of T.RSI tiles of equal surface area. Tho 
two-tilo model of titanium nmltiwail (fiqs. 5, 6(a)# and 7) consisted of two tiles 
attached to an aluminum plate 34. S7 by 73.03 by 0.41 cm. All tho installation com- 
piMionts (tabs, clips, atid Niimox felt) intended for fliqht application wore used. The 
coiitinq on tlu> two-tile model was inadvertently not cured before tt^stinq. 

The TiKSI model shi^wn in fiqures b(b) and B conslstoti of six 1 . 14-cm-th ick IiKSl 
tiles which won' si/.ed for the aerodynamic requirements at tho desiqn point. (The 
tile thickness at tliis body point on the Shuttle is qreater than that required to 
protect the aluminum stimcture because it is si/.ed to meet aerodynamic favT'inq 
vi'quiremi'uts rather tluin thermal requirements alone.) Each tile was vt\divi dually 
bondoii with Oetiet'al Kloc'tric KTV SbO to a 0 .4 1-cm-thi ck Notnex felt sti'ain isi'^latlou 
piid (SIP) whiv'h Wiis iu turn bonded to an aluminum plate tipproxi mat ely the same sire 
as that for the multiwall two-tile uvniel. Tlie SIP was sired cm smaller than the 

tiRSI on each edqe to allow for Nomex felt strips (filler bars) cm wide auii 

0.44 cm thick to be bonded to the primary structutu' around the perimeter ni I'ach SIP. 
(See fiq. b(b).) The LKSI ‘tPS weiqhs kq per unit planfv>rm area (m") at the 

des i qn point . 


Aerothermal Mi^di'l 

The nine-tile model (fiq. nnod for aerotlu'rmal tt'stinq cot\slsted of an ariMv 
of nine mviltiwall tiles. In order to avoivi h^nq lonqit ud i in\1 qaos (a qap most nearly 
aliqneii witli flow) bt'twt'en the multi wall tiles, the imlividual tiles wt're st«\qifered 
iind rotated 10*' to tdu' fb^w. The larqe wrinkles in th#' downstream coriu'rs wert» tlv' 
rt'rnilt ot toi>linq prt^blt'ms incurred durinq fahrii\Uu>n of the individual tiles. In 
vMuU'r to e\{M''.litt' fabtication of the test atdiclt's the ti'ols wt'ri' not modified ti' 
f'liminatt^ Mu' wrinkles. Tlu> aluminum plait' Ti'prt'si'ut imi the primary stf uctur^' was 
.^nipportt'vi by itluminum chamu'ls ‘rliat wt'Vt' thet'mal ly isolated f rtMn t iu' ahiminum pl^ite 

witti i^u Pont Terioii ti\pt'. The tilt' attachment clips on tht' aluminum platt' atui Ni^mt'X 

f t' 1 1 list'd to inhibit fU^w iind !*attlinq avc shown in fitnivt' 10. Tht'ju' at t achment 
soht'mi's ail' I tu' samt' intt'iidt'd ftn' fliqht 4^pp I i cat i(Mu A low eonductivitv illasttH'k 
matt'ti*M \^aa installt'it .u'ound tht' tilt's to providt' a simndh .it't'Oiiynam i c sin f and 
to tht'Tmally pT*ot t'td that part i'lf Mu' aluminum platt' whitd'. was mU ctnunt'd by tlu' 

t ilt'?;. 'Ilunmal t'xp.nnMon caps wt'it' b'tt ht't wt't'ii t lu' mu I t i w.A I I tilt's ^uid t ht» olast-'ok 

and wt'ie fillt'd with Harbi son-Carbi'nindiN . Ki bt'i'fi'tW ft'lt insulation 1 1 ' fuu'vtMit flow 
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into the gaps. This method of installation produced stiff edge conditions for the 
boundary tiles that partially restrained the tiles from thermal expansion. Although 
the edge condition is not representative of full-scale application, the edge condi- 
tions on the center tile where no Piberfrax was used are considered to be realistic. 


APPARATUS AND PROCEDURE 
Cyclic Radiant Heating Tests 

The multiwall two-tile model and the LRSI model (figs. 7 and 8) were mounted on 
a panel holder and exposed to 25 tests in the JSC Building 13 radiant heating test 
system. The tests simulated Shuttle entry temperature and pressure conditions shown 
in figure 2. Cumulative radiant heating time was approximately 20 hr. 

Panel holder .- Each model was thermally isolated from an aluminum panel holder 
121.92 by 121.92 cm by 0.64 cm thick by a 2.54-cm-thick layer of Lockheed Ll-900 
silica insulation placed between the panel holder and the aluminum plate representing 
the primary structure. The insulation was used to reduce heat losses from the back- 
face of the primary structure. Additionally, each model was insulated around all 
sides level to the top surface (hot face) of the model with Piberfrax insulation. A 
sketch of the LRSI model test configuration cross section is shown in figure 11. The 
multiwalt, model was installed in a similar manner. 

Test facility .- The JSC Building 13 radiant heating test system (fig. 12) can 
simultaneously simulate the thermal (up to 1600 K) and pressure (down to 0.09 kPa) 
environments that spacecraft thermal protection systems are exposed to during ascent, 
orbit, and entry phases of a mission. The primary components of the system include a 
radiant heater system, a cryogenically cooled panel, a 11.33-m vacuum test chamber, 
and a rain simulator. 

The simulated ascent and entry heating environments are produced by a heater 
system consisting of electrically heated graphite elements enclosed in a gaseous 
nitrogen purged fixture box. One side of the heater system has a columbium susceptor 
plate to reradiate heat to the test model. The heater system is mounted in a boiler- 
plate Apollo command-module test chamber (figs. 12 and 13) that is evacuated by a 
mechanical vacuum pump. The heater system and cryogenically cooled panel are mounted 
on rails to allow either one to be positioned over the test article during testing. 
Thus, the test model can be heated or cooled while vacuum conditions are maintained. 
Models up to 61 cm square can be tested in this facility. For the cyclic radiant 
heating tests, only the vacuum and radiant heater systems were used to simulate entry 
conditions. 

Test procedvte .- Both models were positioned within the test chamber with the 
top of each model about 2.54 cm below the heater. The heater was positioned over one 
of the test models, then the chamber was evacuated to less than 0.09 kPa. After the 
chamber pressure stabilized, the model was exposed to a simulated orbiter mission 
thermal and pressure entry test cycle. While the first model was cooling, the heater 
was positioned over the second model and the test sequence was repeated. The models 
were visually inspected after each cycle. 

Instrumentation . - Instrumentation placement on the models was designed so that 
the performance of the multiwall model could be evaluated in response to cyclic radi- 
ant heating and so that comparisons could be made between the models. The multiwall 
two-tile model was instrumented with 26 No. 30 gage and 7 No. 24 gage chromel-alumel 
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fhi'rmi'u''i')apl OH at i ho Icoationa ahown in flijurt' 14# Tho ilimona tonal looatlona are 
qiven In table 1. The aoven thermooouplen on the back surface of the alumtnum plate 

were attacheii by peening. All other thermocouples were atimlwichetl between tlje rooiiol 

and a titanium foil strap spot-welded to the model (fig. 1f>). 

The thermocouple locations for the LRSI model are ahown in figure 16. Hie eight 
thermocouples attacheii to the back of the aluminum plate were No. 24 gage chromel- 
alumel and were peened into the aluminum. The other seven thermocouples were No. 30 
gage chromel-alumel and were either imbedded into the LRSI surface or sandwiched 
between LRSI and Nomex. 

Data reduction .- Heater operating conditions, environmental test conditions, and 
model temperature response data were recorded by two data acquisition systems. One, 
an analog-to-digital recording system, digitizes analog data for all channels and 
records rt on magnetic tape so that the data can be reduced at a later date to pro- 
vide history plots. In addition, critical real-time data were recorded and displayed 
on the other system which consists of self-balancing potentiometer— type strip— chart 
recorders that also serve as a backup system for the analog-to-digital system. 


Aerothermal Tests 

The nine-tile model was mounted in a panel holder and subjected to seven radiant 
heating tests and eight radiant preheat/aerothermal tests in the Langley 8' HTST. 

Four of the radiant heating tests were thermal cycles to cure the VHT SP-101 surface 
coating on the multiwall tiles. Except for the curing tests, all tests were repre- 
sentative of a typical Shuttle surface temperature history (fig. 2). A summary of 
all tests is given in table II. Also, wind-tunnel test conditions for the aerother— ' 

mal portions of the tests are given in table III. Cumulative radiant heating time 
and aerothermal exposure time were approximately 6 hr and 294 s, respectively. 

Panel holder .- The nine-tile model was installed in a panel holder (figs. 17 
and 18) which can accommodate test models up to 108 by 152 cm. (See refs. 6 and 
7.) The aluminum support channels of the model were bolted to I-beams spanning the 
panel holder model test area. The aerodynamic surface of the panel holder is covered I 

with 2.54-cm-thick low -conductivity Glasrock tiles to thermally protect the internal ! 

structure. A sharp leading edge with a lateral row of spherical boundary-layer trips j 

was used to promote a turbulent boundary layer whereas aerodynamic fences provide 
uniform two-dimensional flow over the entire aerodynamic surface. Surface pressure | 

and aerodynamic heating rates were varied by pitching the panel holder to a prede- 
termined angle of attack. Differential-pressure loading across the model was main- | 

tained at a minimum by venting the panel holder cavity to the lower pressure on the ; 

leeside of the panel holder through a series of check valves. ; 

Test facility .- The 8’ HTST (fig. 19) is a large blowdown facility that simu- i 

lates aerodynamic heating and pressure loading at a nominal Mach number of 7 and at ' 

altitudes between 25 and 40 km. The high energy needed for this simulation is 
obtained by burning a mixture of methane and air under pressure in the combustor and 
expanding the products of combustion through a conical-contoured nozzle into the open < 

jet teat chamber. The flow enters a supersonic diffuser where an air ejector pumps 
the flow through a mixing tube and exhausts the flow to the atmosphere through a 
subsonic diffuser. This tunnel operates at combustor total temperatures between 1400 I 

and 2000 K, free-stream dynamic pressure from 14 to 86 kPa, and free-stream unit j 

Reynolds numbers per meter from 1.0 x 10^ to 10.0 x 10^. 1 


j 
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The model is initially covered with a radiant heater system which also serves as 
an acoustic baffle and stored in a pod below the test stream (fig. 19(b)) to protect 
it from adverse tunnel start-up transients and acoustic loads. Once the desired flow 
conditions are established, the heater system is retracted and the model is rapidly 
inserted into the test stream (fig. 19(c)) on a hydraulically actuated elevator. A 
model pitch system provides an angle-of-attack range from -20“ to 20*. 

The radiant heating system can be used for the radiant heating tests and as a 
preheat for the aerothermal tests. The heater system consists of quartz-lamp radia- 
tors mounted beneath the acoustic baffles (fig. 19). The radiant heaters are powered 
^ an i^itron power supply and are controlled by a closed-loco servo system to give 
the desired temperature histories. More detailed information about the 8* HTST can 
be found in references 7 and 8. 

procedures .- Figure 20 shows a typical surface temperature history for a 
multiwall tile during the aerothermal tests. For the radiant heating tests, the 
aerothermal portion of the curve was omitted and the surface temperature followed the 
Shuttle trajectory until the required heating rate was. below the value which the 
radiant heater system could control. For the radiant preheat/aerothermal tests, the 
surface was heated according to the entry trajectory temperature history (fig. 20) 
and was exposed to the wind-tunnel conditions at a preselected time within that tem- 
perature history. The procedure for the aerothermal part of the tests was to start 
the tunnel, obtain correct flow, conditions, de-energize the radiant heaters, retract 
acoustic baffles, and insert the model into the hypersonic stream 
while simultaneously pitching the panel holder. The time elapse between the heaters 
e ng de-energ^ed and the model entering the stream was kept to a minimum (approxi- 

stream center line. The model was exposed to the hypersonic stream for as long as 
flow conditi^s could be maintained. At the end of the aerothermal exposure the 
procedure was reversed, and tunnel shutdown was initiated after the heaters and 
acoustic baffles had covered the model. Because of equipment problems, the radiant 
heaters could not be re-energized and natural cooling occurred. In these instances, 

i!j fitirf 2 ^® cooldown rates that were always more rapid than that shown 

in figure 20. The aerothermal tests were conducted at local nominal Mach numbers 
between 5.6 and 6.8, and the unit Reynolds number per meter was approximately 
ley X 10 (table III) • 

Instrumentation .- Instrumentation placement on the multiwall nine-tile model was 

aerothermal leading! 

holder controlled the radiant heaters and measured the 

instr^!nt2M’'°"ril nine-tile model was exposed. All model and tunnel 

instrumentation data were recorded by high-speed digital recorders. 

The nine-tile model was Instrumented with 52 No.. 30 gage chromel-alumel thermo- 
couples installed in the same manner as for the two-tile model. (See fig. 15.) 
Thermocouple locations can be determined from figure 21. In figure 21 the tiles are 
designated by a letter, and thermocoiple locations for gap intersections are desig- 
nated by a Roman numeral. Thermocouples were located on the tiles, in the tile gaps 

and on the aluminum plate. Gap thermocouples were located at upstream and downstream 
terminals of longitudinal gaps. 

The panel holder was Instrumented with 10 thermocouples located on the Glasrock 
surface surrounding the model to monitor and control the radiant heater system. The 
panel holder was also instrumented with two water-cooled acoustic microphones to 
record the acoustic environment to which the model was exposed during test in the 
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a* HTST# An aacnleromotor wan mounted gIoro to each minrophone to record the 
acceleration of the microphone no that the renponne of the microphonen to accelora-- 
tion could be separated from the acoustic response. 

Data reduction #"* During radiant heating tests and preheating prior to aerother- 
mal exposure, thermocouple outputs were recorded at 2-s intervals# During the aero- 
thermal portion of the tests, pressure and temperature data were recorded at 
20 samplos/s# Output from accelerometers and acoustic microphones were recorded on 
FM tape. All data were reduced to engineering quantities at the Langley Central 
Digital Data Recording Facility# Tunnel operating conditions reported herein for the 
wind-tunnel testa are based on the thermal, transport, and flow properties of the 
combustion products test medium as determined from reference 9# Free-stream condi- 
tions in the test section were determined from reference measurements in the combus- 
tion chamber by using results from tunnel-stream survey tests such as reported in 
reference 8# Local Mach number was obtained from oblique-shock relations. 


RESULTS AND DISCUSSION 
Cyclic Radiant Heating Tests 

Structural performance #- The structural integrity of the two-bile multiwall 
model was maintained throughout the test series / although the coating began to flake 
at the beginning of -he test series. It was learned after the test series began that 
the coating was uncured. The curing process removes the volatiles by slowly heating 
the coating to 756 K. Heating the model at the entry temperature rate shown in fig- 
ure 2 was rapid enough to cause the coating to flake. The model condition before and 
after testing is shown in figures 7 and 22, respectively. Although the multiwall 
structure appeared to be undamaged after the 25 radiant heating tests, two areas were 
found where the face sheet debonded from the dimpled layer. The first area contained 
one debonded node and the other area contained approximately three debonded nodes. 

The model was not disassembled for close examination of the tile backface because 
further tests may be desired. The top surface lip of the front tile was properly in 
contact with the adjacent tile before testing started. However, after 25 thermal 
cycles, the lip was permanently deflected 0.10 cm above the adjacent tile surface. 
This deflection may result from a rotation of the tile edges caused by thermal bowing 
of the multiwall tiles. The bowing is spherical in nature because the temperature 
distribution through the thickness is approximately linear, and rotation occurs about 
the corner attachment points where the tile is essentially simply supported. The 
deflection is accentuated by the scarfed edge which locates the lip approximately 
5.1 cm from the attachment. (See fig. 4.) The maximum edge deflection was hand 
calculated to be 0.35 cm. This calculated deflection would be lowered to 0.12 cm if 
the scarf angle were increased from 25® to 90®. Approximately 0.10 cm deflection can 
be accommodated before the yield stress is exceeded. Consequently, the permanent 
deformation could nearly be eliminated by use of a 90® edge closure and completely 
eliminated if a 0.02-cm vertical gap existed between the tile upper lip and the 
adjacent downstream tile. 

Thermal performance .- The scarf joint between the two multiwall tiles forms a 
gap that may provide a path for heat flow. The temperature of the primary structure 
under the center of the multiwall tiles and beneath the gap between tiles (fig. 14) 
is shown in figure 23. The temperature directly under the gap (thermocouple 17) was 
very close to the temperatures beneath the center of the tiles (thermocouples 9 
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and 12). Tliun, the thermal data indicate that no additional boat wan trannmittnd 
down the gap# An anal>nln of the ronponnn of thermocouple 1R, which wan adjacent to 
the Nomox felt, indicaten that thormocouplo 18 wan defective. 

As previously mentioned, the multiwall tile thicknoaa wan determined for the 
temperature and pressure histories shown in figure 2, but the LRSI tile thickness was 
determined by an aerodynamic fairing requirement at body point 3140. Consequently, 
the IjRSI tiles are thicker than would be required for thermal considerations only. 
Test data for the first test of the two models are shown in figure 24 along with the 
design and predicted temperature histories. Thermal performance was unchanged during 
the test series. Thus, these data are typical of each of the 25 cycles. The surface 
temperature histories (thermocouples 7 and 3) and the temperature histories of the 
aluminum plates (thermocouples 28 and 5) indicate that the thermal performance of the 
two systems was the same. Because the LRSI tile model is designed conservatively 
(thicker than that required for thermal design), it appears that the multiwall tile 
model is also designed conservatively. 

The predicted aluminum plate response taken from reference 1 and shown in fig- 
ure 24(a) is based on the design surface temperature history and assumes no heat loss 
from the aluminum plate. The measured thermal response (thermocouple 28) differs by 
as much as 86 K. The long-dash~short-dash curve shows the predicted temperature 
response using the measured surface temperature history (thermocouple 7) as the heat 
load and accounting for heat loss through 2.54 cm of LI-900 which was beneath the 
aluminum plate (fig. 11). This response Is much closer to the measured response 
(thermocouple 28) but it is still as much as 29 K higher, which further substantiates 
that the analysis used for the thermal design of the multiwall is conservative. 


Aerothermal Tests 

Structural performance .- Although numerous failures in the structural bonds 
occurred during the aerothermal test series, no catastrophic failure in the TPS 
structure occurred. Figures 25 and 26 show the condition of the multiwall nine-tile 
model surface before and after the aerothermal tests. A comparison of the two fig- 
ures shows no significant difference in the surface condition. Surface debonding 
between the face sheet and the first dimpled sheet is shown in figure 27(a), and 
debonding between the backface and fourth dimpled sheet is shown in figure 27(b). 
Backface debonding was not discovered until after the test series was completed and 
the aerothermal model disassembled. A small amount of surface debonding was observed 
after the first radiant heating test (test 4). This debonding was concentrated in 
the corners of the tiles where fabrication difficulties were experienced. These 
difficulties were the results of inadequate dimple contact during bonding where the 
tile edge closure geometry would not allow tooling to react to the bonding loads. In 
order to prevent further damage from occurring, which might lead to a failure during 
aerothermal exposure, the debonded areas were repaired. The repairs were made by 
removing the VHT SP-101 coating from the damaged areas and repairing the bonds by 
spot-welding. The coating was then reapplied and cured. During the first aerother- 
mal test (test 6), the tiles were exposed to an unrealistic thermal shock due to 
rapid cooling after the aerothermal exposure because equipment failure prevented the 
radiant heaters from being energized. 

After test 6, many surface bonds were repaired on the tiles interfacing with the 
surrounding Glasrock. No repairs were required on the center tile. Most of the 
debonding occurred on tiles which were partially restrained from thermal growth by 
the surrounding Fiberfrax felt and Glasrock. These unrealistic boundary conditions 
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may have greatly contributed to the debonding. (These restraints did not exist on 
the two-tile model which was exposed to the cyclio radiant heating tests.) In addi- 
tion to the occurrence of some surface debonding, a boundary tile lip at the trailing 
edge of the model was forced into the adjacent Glasrock (fig. 27(a)) and the lip on 
tile A buckled (fig. 28). The trailing edge overhanging the Glasrock was extended 
0.51 cm over the Glasrock by spot-welding a 0 .03-cm-thick titanium strip to the lip, 
and the buckled lip on tile A was repaired by reinforcing with a 0. 03-cm-thick doub- 
ler 0.76 cm wide. Nevertheless, during test 7, additional buckling occurred on the 
lips of tile A (with the doubler) and tile B (without a doubler) . The buckled lips 
were repaired by additional doublers (a second doubler on tile A). After these 
repairs, two radiant heating tests and six radiant preheat/aerothermal tests were 
made without further debonding or buckling of the lips. 

At the conclusion of the test series, the aerothermal model was disassembled to 
examine the individual tiles. Figure 29(a) shows top surface cracks on tile A. The 
cracks occurred in the downstream corner of the tile where previously mentioned 
fabrication difficulties associated with the edge closures occurred. Additional 
damage occurred on the top surface where small particle penetrations were caused by 
rust particles in the wind-tunnel stream. Cracks in the lower surface lip and in the 
corrugated side walls of tile A are shown in figures 29(b) and (c). None of these 
problems resulted in TPS failure, and all this damage occurred in multiwall tiles 
which interfaced with the Glasrock as opposed to the center tile which interfaced 
solely with other multiwall tiles. 

Minor design changes in the multiwall TPS have been identified to remedy the 
problems discussed above. The structural integrity should be improved significantly 

if the scarf angle relative to the face sheets is increased and if the node size of 

the dimple bond is increased. Buckling of the lips could be reduced by not stagger- 
ing the alignment of the tiles so that thermal displ-acement of adjacent tiles are 
more compatible at the tile boundaries. Finally, use of the stronger 
1‘i“6Al-2Sn-4Zr-2Mo alloy in place of Ti-6A1-4V alloy should help prevent permanent 
deformation of the lip. These changes would have a negligible Impact on the thermal 

protection ability and mass of the multiwall TPS. 

Thermal performance .- Typical thermal performance data for radiant heating tests 
and aerothermal tests on the nine-tile model are given by tests 9 and 15, respec- 
tively. The temperature histories measured through the center multiwall tile during 
a radiant heating test (fig, 30(a)) are nearly the same- as that for the two-tile 
model previously discussed (fig. 24(a)). However, the surface temperature history 
for the nine-tile model is closer to the design (fig. 2); consequently, it was 
exposed to a higher heat load than the two-tile model. This higher heat load should 
have caused the temperature cf the aluminum primary structure on the nine-tile model 
to be higher than that measured on the two-tile model. The fact that these tempera- 
tures are the same may be the result of the aluminum plate of the nine-tile model not 
being insulated on the backface to prevent heat losses to the cooler panel holder 
structure. Test 9 was intended to be a radiant preheat/aerothermal test; however, a 
tunnel malfunction prevented the model from being inserted into the stream. Conse- 
quently, the sudden reductions in temperature for thermocouples 43 and 38 which were 
caused by pressure transients during tunnel start-up (time approximately 800 s) 
should be ignored. During the aerothermal test (test 15), the maximum surface tem- 
perature was substantially higher (58 K) than the design temperature (fig. 30(b)). 
Because the heaters did not operate after the aerothermal exposure, the integrated 
heat load was less than the design heat load. Consequently, the maximum temperature 
of the aluminum plate is of little significance after aerothermal exposure. The 
expanded time scale shows the sequence of events tiiat occur during- an aerothermal 
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teat. Again, the sudden radpctions in temperature for thormocouploa 43 and 38 are a 
rosult of tunnel start-up transients and model insertion into the tunnel flow. (See 
teat procedure for aerothermal teat.) 

A major purpose of the aerothermal test was to determine if any flow occurred in 
the gaps between tiles and, hence, to determine if the lip joint and the Nomex strips 
under the perimeter of the tiles prevented heat fl">w to the primary structure. 

Several gap intersections were instrumented and temperature histories were recorded 
during radiant heating tests and aerothermal tests. 

Temperature histories measured at an -intersection near the point of the nine- 
tile model where a longitudinal gap terminates at a transverse gap are shown in fig- 
ures 31(a) and (b) for tests 9 and 15, respectively. The temperature of the aluminum 
plate beneath the gaps was the same as the temperature beneath the center tile 
(ther.aocouple 51) for both the radiant heating test (fig. 31(a)) and the aerothermal 
test (fig. 31(b)). The temperatures recorded by thermocouples 2 and 3 are different 
even though both thermocouples 2 and 3 were located 0.64 cm below the top surface of 
tiles B and A, respectively. This temperature difference is caused by a slight dif- 
ference in thermocouple locations: thermocouple 2 is located on tile B tmder the 

lips of both tile A and B, and thermocouple 3 is under the lip of tile A only. 


Temperature histories measured at the same type of gap intersection located near 
the rear of the model (figs. 31(c) and (d)) show similar results except that nonuni- 
form heating from the radiant heaters caused lower surface temperatures at the rear 
of the model but nonuniform aerothermal heating caused higher surface temperatures in 
this region. The differences in surface temperatures between the front and rear of 
the model during aerothermal heating may be a result of local flow disturbances 
caused by thermal bowing of the multiwall tiles, but instrumentation is insufficient 
to explain this phenomenon. Thermocouples 17 and 18 (expanded time scale in 
fig. 31(d)) show increasing gap temperatures during tunnel start-up. This tempera- 
ture increase is much greater at this location than was measured at the front of the 
model (fig. 31(b)). Pressure differentials in the model during tunnel start-up are 
significantly higher than any flight- condition. This start-up pressure differential 
apparently created very large flow rates of hot gases in the gaps; thereby, the tem- 
peratures of the gap walls were increased. The response during start-up indicates 
that the thermocouples would record any significant flow through the gaps during 
aerothermal exposure. Since trends established during radiant heating are the same 
during aerothermal exposure after start-up conditions ceased, it appears that the lip 
prevents flow ingress for pressure differences induced by skin friction. 


If aerodynamic flow were to occur in a gap, th-' heating due to that flow would 

r ® ® longitudinal gap originates at a transverse gap 

than where it terminates at a transverse gap. Temperature histories at the origin of 

at!S/n/f''" I"'"' ® expected, these temper- 

atures are lower than those shown in figure 31. However, the origin of the gap 

(fig. 32) is located in a relative cool region near the boundary between banks of 
radiant heaters, and thermocouples 46 and 49 (fig. 32(b)) are located in a slightly 
cooler position than thermocouples 2 and 3 (fig. 31(b)). Thus, the lower tempera- 
tures shown in figure 32 do not conclusively determine the existence or absence of 
heating in the gap* 


A comparison of the maximum temperatures at the more severe type of gap inter- 
section measured during radiant heating and measured during aerothermal heating 
(fig. 33) indicate the absence of any significant heating due to aerodynamic flow. 
The maximum temperatures measured at three depths in the gap are nondimensionalized 
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by the avoJJ'age top surface temperature. Data are compared for the typical radiant 

heating test (test 9) and the radiant preheat/aerothermal test (test 15) previously 

discussed. The very small difference between temperature ratios for the two types of 

testa indicates that the hot boundary-layer gases do not penetrate into the thermal , 

expansion gaps of the multiwall TPS (except perhaps during tunnel start— up transients 

as previously discussed). Other locations and tests show the same results. , 

Aoouatic environment .- The Shuttle trajectory will expose a TPS to an acoustic 
environment that has the potential of causing structural damage to lightweight sys- , 

terns. The acoustic environment in the test stream generated by the 8' HTST was ; 

recorded to determine the acoustic environment to which the nine-tile model was ^ 

exposed during testing. The 1/3-octave— band acoustic spectrum for a representative ] 

test (test 14), is shown in figure 34. The overall sound pressure level (OASPL) was . 

163 dB. Acoustic data at body point 3140 for the Space Shuttle for lift-off condi- 
tions and for the design limit trajectory are shown for comparison. The figure shows 
that the acoustic environment during the aerothermal tests was approximately the same 
as the Shuttle design limit trajectory. This acoustic environment may have contrib- , 

uted to the previously discussed debonding of the tile face sheet. However, the 
center tile, which had realistic boundary conditions and which required no bonding 
repairs, was not damaged by this environment. 

i 

CONCLUDING REMARKS | 

Titanium multiwall thermal protection system (TPS) tiles designed for Shuttle | 

body point 3140 where the maximum surface temperature is approximatley 811 K have 
been tested to evaluate thermal performance and structural integrity. These multi- ^ 

wall tiles have a thickness of 1.75 cm and a mass per unit planform area of 
3.66 kg/m^. A model consisting of low-temperature reusable surface insulation (LRSI) 
tiles having a mass per unit planform area of 2.98 kg/m designed to meet an aero- 
dynamic fairing requirement and a two-tile multiwall model thermally designed for the 
same body point were subjected to 25 radiant heating tests in the Johnson Space 
Center Building 13 radiant heating system. The tests simulated temperatures and 
pressures for an orbiter entry mission at body point 3140. Cumulative radiant heat- j 

ing time was approximately 20 hr. A nine-tile model designed for the same body point j 

was subjected to seven radiant heating tests and eight radiant preheat/aerothermal I 

tests in the Langley 8-Foot High-Temprrature Structures Tunnel. Wind-tunnel test j 

conditions were at nominal Mach numbers between 5.6 and 6.8 with a total temperature I 

between 1550 and 1930 K and a dynamic pressure between 23.2 and 25.6 kPa. Cumulative j 

radiant heating time on the nine-tile model was approximately 6 hr and total exposure . 

time to the hypersonic streeun was 294 s. ] 

1 

Comparison of the thermal performance of the multiwall two-tile model with the 
thermal performance of the LRSI model showed that the maximum temperatures of the 
aUxminum plate representative of the Shuttle primary structure under each of the TPS 
were the same. The ability of both models to protect an aluminum plate did not i 

deteriorate after 25 thermal exposures, and the test results indicate that the multi- 
wall thermal design is conservative. Also, the structural integrity of both models j 

was maintained throughout the test series except for a small number of failures in 
the structural bonds of the two-tile multiwall model. 

Although numerous failures in the structural bonds of the nine-tile multiwall 
model occurred during the aerothermal test series, no catastrophic failures in the 
TPS .structure occurred. Most of the debonding occurred on tiles with boundary condi- | 

tions which were partially restrained from thermal growth, a condition more severe 
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than wan unmi to diMvUjn tho tlloH* Tlio contor tllo of tlu> ivlno-tllo moilel had 
reallfltlo boundary oorniltlor\n and oxporionood a noqllqlhlo amount id' dohondlnq. An 
unreal Intic thermal at the ornl i>f each aorothormal tent may l)iive OinitT’ihutod to 

tlie dohondlnq probltMn* Pixuo boiuUi wore ropairod by npot-woldltiq? however, onoe a 
Btronq bond wan obtained, two radiant heatinq tentn and rIx radiant preheat/ 
aorothermal tcatis were made without any further repair. Tlit' aurface of the multiwall 
tiloa also survived numorous small particle impacts from the tunnel stream. The lips 
on the multiwall tiles proved to bo effective in preventing flow in the gaps between 
the tiles of the nine-tile model even though in some cases the lips buckled. During 
each aero thermal exposure the multiwall model was exposed to an overall sound pres- 
sure level of approximately 163 dB. 

The geometry of the tiles presented fabrication difficulties which may have 
contributed to the debonding problems; however, minor design changes should improve 
the structural integrity without having a significant impact on the thermal protec- 
tion ability or mass of the titanium multiwall TPS. These design changes include 
(1 ) increasing the scarf angle relative to the face sheets, (2) not staggering the 
alignment of the tiles, (3) increasing the dimple node size, and (4) changing 
material to the stronger Ti-6Al-2Sn-4Zr-2Mo alloy. 

These tests demonstrate the capability of a titanium multiwall thermal protec- 
tion system to protect a surface where the maximum temperature is below 811 K; thus, 
the multiwall is a viable alternate thermal protection system for Shuttle LRSI and 
advanced space transportation systems. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
November 25, 1981 
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TARLF. I.- LOCATIONS OK THKRMOCOUPLES ON MUTiTlWALt, 'I-WO-TILE MODEL 


Thermocfouple 

(a) 




cm 

cn 

30. ID 

60.96 

30.18 

60.96 

29.78 

29.85 

29.79 

29.85 

29.79 

5.08 

29.79 

4.83 

17.78 

47.50 

17. 7B 

47.50 

17.78 

47.50 

17.78 

17.78 

17.78 

17.78 

17.78 

17.78 

19.05 

33.86 

18.05 

34.80 

17.78 

32.26 

14.48 

33.86 

14.48 

33.86 

14.48 

36.07 

17.78 

60.20 

17.78 

5.08 

4.32 

29.87 

4.83 

28.87 

5.08 

59.69 

5.08 

5.08 

17.02 

33.53 

14.22 

34.80 

17.78 

17.78 

17.78 

47.50 

30.18 

60.86 

28.79 

4.83 

5.08 

5.0t^ 

5.08 

58. 6« 

14.48 

33. 8f 




Depth location 


Top surface of multiwall tile 

Backs iile of multi-wall tile 

Top surface of multiwall tile 

Backsicle of multiwall tile 

Top surface of multiwall tile 

Backside of multiwall tile 

Top surface of multiwall tile 

Backside of multiwall tile 

Top surface of primary structure 

Top surface of multiwall tile 

Backside of multiwall tile 

Top surface of primai'y sti*uctut*e 

0.64 cm below top surface 

0.64 cm below top surface 

Midpoint of slope 

0.64 cm above backside of multiwall tile 

Top surface of primary structure 

Top surface of primary structure 

Top surface of multiwall tile 

Top surface of multiwall tile 

Top surface of multi wall tile 

Backside of multiwall tile 

Top surface of multiwall tile 

Top surface of multiwall tile 

Midpoint of slope 

0.64 cm above backside of multiwall tilo 
0.64 cm above backsidr* of multiwall tile 
Backside of primary structure 
Backside of primary structure 
Backside of primary structure 
Backside of primary structure 
Backsivle of primary structure 
I Backside of primarv structure 









TAHI.K TV.- SUMMARY OK 'I'KSTS KOR NTNK-TIV.R Ml'ORT, 


Maximum ravU.int Maximum at'rotluMmal 
Tout- Typo of tout T.^^ (AV), T.^^ (AV), 

" K " K 


Timo^ R 


Radiinnt Aori>thermal 


Coabiiui euro 
Coatlnq euro 
Coatinq ouro 
Radiant 
Coatinq ouro 
Ao 1*0 thermal 
Aorothermal 
Aorothermal 
Radiant 
Aerothormal 
Aerothei'mal 
Aerothermal 
Radiant 
Aorothormal 
Aerothermal 


No data 
874 
877 


No r o o o r lie d da t a ; all test oo n d i t i o n s a r e a ppr o x i ma t e » 


TARLK III.- WIND-TUNNEL TEST CONDITIONS FOR AEROTHERMAL TESTS 


Tnstrumentat ion 
saturated 


2.01 y UrM S.O 


25.6 1.B4 V 10^ 


1.87 X nr' 5.0 


4.8 1.87 X lO^M 5.0 


I.^^O X 10^ 


1 .86 X 10 ^^ 


A.UM I b.H I 25.3 1 1.81 X 10'M 2.*^^ 


^ No reeorded <iata; all tost ooniiitions are appt*c>ximato. 
'Tunnel tost oonditiiMis ohanqod durinq aerothermal exposure 
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Figure 3.- Exploded view of titanium multiwall tile (scale in inches) 















Figure 5.- Two-tile luodel of iraltiwall 










Figure 7.- Two-tile model of multiwall TPS installed in panel holder 







Figure 8.* LRSI model before testing 









Figure 10.- Nontax flow inhibitor grid and tile attachment brackets 

for nine-tile model. 














Heater system on trolley 



Figure 13*~ Schematic drawing of JSC Building 13 radiant heating test chamber 



Figure 14*- Thermocouple locations on multiwall two-tile model. 
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Figure 15.- Typical thermocouple installation 
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Figure 17*- Multiwall nine-tile model installed in panel holder of 











































Figure 22.- Multiwall two-tile model after 25 thermal tests. 
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(a) Multiwall TPS. 



(b) LRSI. 


Figure 24.- Temperature histories for cyclic radiant heating 
through models ( test 1 ) • 
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Figure 27.- Debonding of multiwall face sheets 




(b) Backface debonding 






Figure 28.- Buckling of tile trailing-edge lip 













(b) Aerothermal heating (test 15) 














(c) Radiant heating at rear of model (test 9) 



(d) Aerothermal heating at rear of model (test 15 














jare 34.- Acoustic environment (1/3-octave band) in Langley 8* HTST (tes 





